A new approach to the direct determination of copper and zinc in serum and plasma is described. The sample is injected into a continuously pumped stream of water which is fed into the nebuliser of an atomic absorption spectrophotometer. Analytical results are obtained as a series of sharp peaks on a chart recorder. Analytical variables have been investigated, and the proposed method gave results comparable to those obtained using a conventional method based on precipitation of serum proteins with trichloroacetic acid. The proposed method takes less time to perform and was found to give more precise results than the conventional method. In addition, the
flow injection analysis method can be performed using microsamples (10-100 fL!) and is thus ideally suited for use on children.
The past decade has witnessed an increasing interest into the nebuliser causes burner clogging and in the metabolic functions of copper and zinc. This 'memory' effects due to deposition of solids in the interest has been stimulated by the recognition of nebuliser. deficiency states and by the discovery of some inborn
Recently, direct analyses of serum for copper 1S-15 errors of copper or zinc metabolism. Hence, and zinc 1314 have been described using the 'discrete measurement of these elements in serum or plasma is nebulisation' technique. In this procedure a small relevant to the diagnosis and treatment of a variety volume of sample is pipetted (sometimes referred to as of clinical conditions.lrv 'injected'P 15) into a plastic cup from which it is Flame atomic absorption spectroscopy (AAS) has aspirated into the flame, and the resulting transient proved to be the most effective technique for signal response is displayed on a chart recorder. The measuring copper and zinc in biological fluids, and microquantities of sample burnt in the flame do not many analytical procedures based on this approach cause burner clogging, but differences in aspiration have been described. Several different methods of rates between samples may cause inaccuracies. sample pretreatment have been employed. Tri-Other micromethods based on electrothermal chloroacetic acid solutions have been used to atomisation and boat techniques, although extremely deproteinise serum or plasma and the supernatant, sensitive, are time-consuming to perform and require containing the extracted trace metals, aspirated into auxiliary non-standard burner-nebuliser apparatus the nebuliser.v'" These methods are time-consuming, to be attached to the spectrometer. and trace contaminants are easily introduced into
We describe, for the first time, the use of flow the analytes. injection analysis (FIA)16-18 for the determination of Dilution techniques are widely used. The most copper and zinc in serum and plasma. A concommon procedure involves dilution of the sample tinuous stream of de-ionised water is pumped into with various quantities of de-ionised water. 7-11 the atomic absorption spectrometer nebuliser at a Hydrochloric acid-" 11 and butan-t-ol-t solutions constant rate, and the sample (10-100 ul) is injected have also been used as diluents preceding analysis. into this stream. The analytical signal is recorded as a At high dilutions, interactions related to the serum transient peak on a chart recorder. A similar matrix are minimised but so are sensitivity and technique has been applied to the analysis of precision. At low dilutions a relatively large sample therapeutic levels of lithium in serumv and other is required, and aspirating high volumes of serum workers have used FIA in conjunction with AAS for the determination of trace elements in domestic water supplies 20 and in food'" and plant 22 23 digests.
Materials and methods
Switzerland) of 10, 100, and 500 ILl capacity were used, and the septum injector was supplied by Omnifit (Cambridge, UK). REAGENTS 1 'Physiological' saline was prepared by dissolving analytical grade NaCI and KCI (140 and 5 rnmol/l respectively) in de-ionised water. 2 Commercially available viscosity-adjusted (0·18 Pa or 1· 8 centipoise) flame photometer standard containing 140 mmol of NaCI and 5 mrnol/l of KCI (Instrumentation Laboratory Ltd, Warrington, Cheshire, UK). 3 Copper nitrate (15·7 mmol/l) and zinc nitrate (15· 3 mmol/l) stock standards (BDH Chemicals Ltd, Poole, Dorset, UK). 4 Three different sets of working standards (containing 5, 10,20,30, and 40 umol of copper and zinc per litre) were prepared by dilution of the stock standards in (a) de-ionised water, (b) saline (reagent 1), and (c) viscosity-adjusted flame photometer standard (reagent 2). 5 Wellcomtrol One (Lot No. K1015) and Wellcomtrol Two (Lot No. K9040) control sera (Wellcome Reagents Ltd, Beckenham, Kent, UK) were reconstituted according to the manufacturer's instructions, analysed several times and subsequently 'used as between-batch quality controls. 6 Trichloroacetic acid (TCA) 10% wt/vol solution (BDH Chemicals Ltd).
ANALYTICAL PROCEDURES
For the purpose of comparison samples were first analysed by an established method and then by the proposed FIA method.
Established method
This procedure, which is based on the work of Parker Humoller and Mahler,6 uses TCA to precipitate the proteins before aspiration. This method has been used routinely in our laboratory for five years.
Serum or plasma was pipetted into a test tube and an equal volume of a 10 % solution of TCA was added. Parafilm was used to cover the tops of the tubes which, after vortex-mixing, were left to stand for 10 minutes. The tubes were then centrifuged. The supernatant was removed by Pasteur pipette and placed in another tube from which it was aspirated into the Atomspek. Copper and zinc determinations could both be performed on the acid solution. Standards (reagent 4b), which were treated similarly to samples and controls, were used to calibrate the Atomspek. Results of the sample analysis were printed automatically after the steady-state signal had been integrated for 5 seconds. For both copper and zinc assays about 5 ml of serum is desirable although the assays could be performed on as little as 2 ml of sample. INSTRUMENTATION 
An
Atomspek H1550 (Rank Hilger, Margate, Kent, UK) atomic absorption spectrometer was used, under the operating conditions shown in Table 1 , for the measurement of copper and zinc absorption signals. Peaks were recorded with a Servoscribe RE 541-20 potentiometric chart recorder (Smiths Industries Ltd, Cricklewood, London, UK). The pump (a syringe pump desiged for HPLC) was an LC750 (Applied Chromatography Systems Ltd, Luton, Beds, UK). Hamilton syringes (Bonaduz,
FIA method
The PIA flow system is illustrated in Figure 1 . The Atomspek nebuliser tubing was connected to the outlet port of the septum injector which was held in a clamp mounted on a stand on top of the Atomspek. C, carrier solution (de-ionised water); P, pump (flow rate 3 mllmin); S, syringe containing the sample; I, septum injector; D, dispersion tube (30 em X 0·38 mm id);AAS. atomic absorption spectrometer (settings as in Table 1 The pump and sample container were located on the floor under the instrumentation and connected to the inlet side of the septum injector with Teflon tubing. To convert the spectrometer from the normal aspiration mode to FIA operation takes about 30 seconds. No specific adjustments to the instrument settings are necessary.
Carrier solution (usually de-ionised water) is pumped at a constant flow rate (3 rnl/min) through the septum injector and dispersion tube (30 ern of 0·38 mm id Teflon tubing) into the Atomspek nebuliser. Samples (typically 50 fl.l for zinc assay and 100 fl.l for copper assay) are directly injected into the continuously flowing stream of water, and the resulting transient sharp-topped peaks are recorded (Fig. 2) . The peak heights of the standard solutions (reagent 4c) were used to construct a calibration plot from which the tests and controls were read. Both the FIA and TCA methods gave linear calibration plots to at least 40 fl.mol/l for both copper and zinc assays.
Peak heights could be varied by adjusting the recorder mV range (a peak height of 20 em on the 100 mV scale corresponded to an absorbance of 1·0) or by adjusting the gain on the Atomspek amplifier.
In preliminary experiments, we found that a little damping of the signal had a beneficial effect on precision although the sensitivity was consequently reduced. For example, at response 5 (time constant 5 s) the peak height was only 80% of that reached at response 1. Automatic background correction proved to be unnecessary.
For high precision a reproducible injection technique is essential. With a little practice this is easily achieved, usually after about ten trial injections. The rate of injection should not vary as very 10· A Rocks, Sherwood, Bayford, and Riley slow rates result in lower peaks. The microsyringe needle should be inserted through the silicone rubber septum and the needle pushed into the injector port as far as the barrel of the syringe will allow. This brings the needle tip into the flowing stream. The syringe piston is then gently pushed down to expel the sample into the carrier stream. (Injection of a 100 fl.l sample using a 100 fl.l capacity syringe takes about 1· 5 seconds.) The resulting peak will appear on the recorder almost immediately, and during this time the syringe is best left in the injection port so as not to disturb the carrier flow until after the peak maximum has been reached (about 3 seconds). The recorder will return to baseline in about 8 seconds after which another injection may be performed. Sample cross-contamination should be avoided by rinsing the syringe twice with a small quantity of sample before injection. An injection rate of two to three samples per minute is easily achieved.
Results

FIA VARIABLES
The injected sample will be transported towards the nebuliser by the carrier solution. As it is swept through the 'dispersion tube' under conditions of laminar flow the sample will disperse into the carrier solution in a controllable and reproducible manner. The degree of dispersion of the sample in the carrier stream, between the point of injection and the nebuliser, will depend on carrier flow rate, capillary tube length, and injected volume. In order to optimise the sensitivity and precision of the method we investigated these variables. Figure 3 illustrates the effect on sensitivity (peak height) when the flow rate is varied. Under the 
Carrier flow rate
Analytical precision and recovery
The within-batch precision for both assays was determined by replicate analysis of pooled serum samples. The between-batch precision was determined by repeated daily analysis of pooled serum which was stored frozen. The precision of the FIA method was found to be superior to that using the TCA method. These results are summarised in Table 2 . 
Standards
Copper and zinc standards were prepared in water, saline, and viscosity-adjusted saline (reagents 4 a, b, and c) and injected into the FIA system. The resulting peak heights were monitored. Using similar pressure on the injection syringe plunger resulted in the less viscous standards giving slightly higher peaks (+ 5 %). This was caused by the viscosity-controlled standards being injected at a slightly slower rate. For this reason, when using standards not adjusted for viscosity, extra efforts have to be made to ensure a reproducible injection rate. When a reproducible injection rate was used then all three standard types gave similar peak heights. However, we prefer to use the viscosity-adjusted standards as a similar injection technique can be used for standards and samples. conditions used, sensitivity is maximum for the copper assay at a flow rate of about 2 rnl/rnin and for the zinc assay at a flow rate of 4 ml/min, The reasons for the distinct peak maxima for the two metals is not clear but may result from the different injection volumes. Dispersion of the sample in the carrier will increase with flow rate but other factors, such as nebuliser efficiency and the rate of volatilisation of droplets in the burner, are probably more important.
For convenience, the use of a flow rate of 3 rnl/min (which corresponded to the nebuliser's aspiration rate under normal working conditions) was used for both copper and zinc assays.
Dispersion tube length
Increasing the dispersion tube length decreases the peak size but only to a small extent (Fig. 4) . The reason for this is that the samples are relatively large as compared with the volume of the capillary tube, and hence only limited dispersion takes place as the sample zone passes along the length of the tube. As would be expected from PIA theory, the smaller volume sample (zinc) is affected more than the larger sample (copper).
Since the dispersion tube length is not critical a length of about 30 ern was chosen so that when not connected to the injection port the tubing could be used to aspirate samples into the nebuliser in the normal manner. Figure 5 illustrates the effect of different sample volumes. Injection of relatively large sample volumes (greater than 300 ul) eventually results in a 'steadystate' signal. Peak width also increases, and this reduces sample throughput. Fig. 4 Effect of dispersion tube length on peak heights. Injection volumes, 50 fLl for zinc and 100 fLl for copper of a 20 umol]l standard; carrierflow rate 3 mllmin. Recovery of the trace metals was calculated by analysing serum samples before and after the addition of a known quantity of stock standard. Analytical recoveries by the PIA method are shown in Table 3 .
Sample volume
Comparison of results
Samples were first analysed for copper and zinc by the TCA precipitation method and then by the FIA method. The results show a good correlation between the two techniques (Figs 6 and 7) but, on average, the TCA method gave slightly higher results for both assays.
Higher results for serum zinc, measured following TCA precipitation compared with dilution, are in agreement with the observations of Kelson and Shamberger' and of Taylor and Bryant.P' Kelson and Shamberger also surmised that similar differences should be observed for copper measurement. This speculation is supported by our findings but not by the observations of Taylor and Bryant.
The reasons for these moderate differences are uncertain. The higher results obtained by the TCA precipitation methods may, however, reflect contamination consequent upon the several steps involved, compared with the simple direct injection method. 
Dispersion
The dispersion, D, is a key factor in FIA as it indicates the degree of dilution of the original sample solution and thus the extent to which the injected sample is mixed with the carrier stream. By adjusting the experimental conditions, D can be varied to suit particular analytical requirements. In the case of copper and zinc assay, sensitivity limitations require the use of a low D for optimum precision. Ruzicka and Hansen'" described a practical method for determining the dispersion of dye samples using a colorimeter. This method can be adapted for the determination ofD in our PIA/AAS system. D is calculated from the ratio of the absorbance signal obtained when a standard solution is continuously pumped into the nebuliser, to the peak height (absorbance units) obtained when the sample is injected under FIA conditions (assuming that the Lambert-Beer law is obeyed). Applying this calculation to the zinc assay, D = 2·3 when the injected sample has a volume of 50 fl.l; and D = 8·3 when 10 fl.l of sample is used. Similarly, for the copper assay D = 1· 8 for 100 fl.l injections and 5·6 for 20 fl.l injections.
Discussion
In our attempts to find a simple precise method for the determination of copper and zinc in microvolumes of serum we first investigated the technique of discrete nebulisation.P However, using discrete sample volumes of 50 and 100 fl.l respectively for zinc and copper, we found the method lacking in precision. For example, ten replicate analyses of a 20 fl.mol/l standard gave a coefficient of variation (CV) of 4·4 % for copper and of 8·0 % for zinc (the corresponding PIA CVs were 2·1 % for copper "and 1· 7 % for zinc). In the PIA method the carrier solution is pumped continuously into the nebuliser, resulting in stable flame conditions, but in discrete volume methods the flame runs dry between samples. This results in very erratic flame conditions. We also found that small quantities of sample sometimes remained in the sample cup and nebuliser tubing. Another disadvantage of this technique is that standards of different viscosities give different peak heights. We assume that this is because the aspiration rate varies with viscosity. For these reasons we abandoned discrete nebulisation methods and turned our attention to FlA. The proposed method takes less time to perform and was found to give more precise results than the TCA precipitation method. In addition the FIA technique can be performed on microsamples and is ideally suited for use with children.
Where precision is the most important consideration we recommend injection volumes of 50 fl.l for zinc assay and 100 fl.l for copper assay. When sample is scarce smaller volumes may be used but there is a consequent loss of precision. For instance, the replicate analysis of ten 20 fl.mol/l standards using 10 fl.l injection volumes for zinc assay and 20 fl.l for copper assay resulted in CVs of 6 .2 %for zinc and of 4·8% for copper.
Sensitivity may be improved by the addition of certain compounds to the carrier stream. An aqueous carrier solution containing 6 % vel/vel of butan-l-ol was found to enhance the zinc peak height by 36 % and the copper signal by 22 %; this may prove useful to those wishing to work with even smaller injection volumes than those reported in this paper. The precision and throughput of the procedure could be improved by using an automatic samplerinjector.P Since the analytical signal returns to baseline in about 8 seconds (100 fl.l injection volume) a rate of analysis of more than 450 samples per hour is feasible.
The basic technique should also be suitable for the determination of other trace metals in body fluids using AAS, flame emission, or inductively coupled plasma methods of detection.
In summary, the proposed method offers fast, direct analysis of copper and zinc in small volumes of serum.
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